We study experimentally and theoretically acoustic transmission through a bull's eye structure, consisting of a central hole with concentric grooves imprinted on both sides of a thin brass plate. At wavelength slightly larger than the groove periodicity, a transmission peak was observed for normally incident acoustic wave, with excellent collimation ͑only Ϯ2°divergence͒ at far field. This phenomenon is a manifestation of the two-dimensional circular version of structure-factor induced resonant transmission. Theoretical predictions based on this mechanism are in good agreement with the experiments. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2903704͔
Soon after the discovery of extraordinary optical transmission through a metallic film with two-dimensional array of subwavelength holes, 1 it was found that there can be enhanced and collimated transmission through a single subwavelength hole surrounded by finite periodic rings of indentations ͑denoted as bull's eye͒. 2 The excitation of surface plasmons on metallic surfaces was believed to play a central role in the observed enhanced transmission phenomena; but there was a debate on the relative contribution of surface wave versus the diffraction mechanism. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] More recently, the interesting behavior of acoustic waves through a slit, surrounded by a one-dimensional ͑1D͒ finite array of grooves, was investigated theoretically with the conclusion that acoustic surface waves were mainly responsible for the enhanced transmission and collimation. 13 Extraordinary acoustic wave transmission through a 1D grating with very narrow apertures was also reported, and the coupling between the diffractive wave and waveguide mode was discovered to play an important role.
14 Another systematic study of acoustic wave transmission through a two-dimensional ͑2D͒ periodic array of subwavelength holes in a brass plate has found a unified type of excitations that correspond to Fabry-Pérot resonances when the plate is thick, and which merge into the diffractive structure-factor induced excitations when the plate is thin. 15 Between the two limits, the Fabry-Pérot resonance conditions were found to be tunable via diffractive evanescent waves.
It is the purpose of this study to examine the interaction of ultrasonic waves with a bull's eye structure. We show through detailed experimental and theoretical investigations that coherent diffraction is responsible for the observed enhanced transmission and collimation phenomena.
The bull's eye structure, shown in the inset of Fig. 1 , was fabricated by patterning both sides of a thin brass plate with concentric periodic grooves around a single cylindrical hole. The thickness of the brass plate is 1.6 mm, and the diameter of the central hole is 0.5 mm. The groove period is 2.0 mm, and there are a total of 15 grooves. The width and depth of each groove are 0.5 and 0.3 mm, respectively.
To perform the ultrasonic transmittance measurements, the patterned sample was placed in a water tank, sandwiched between two immersion transducers employed as generator and receiver, respectively. We measured the far-field transmittance of ultrasonic waves at normal incidence. As a reference, the transmittance through a smooth brass plate ͑1.6 mm thick͒ with a single 0.5 mm diameter hole was also measured. In addition, we have carried out near-field and far-field scannings to verify the physical mechanism involved in the transmission process. A pinducer ͑1.5 mm in diameter͒ was mounted on a 2D translation stage and brought to a distance z ͑ϳ0.1 wavelength for the near field and 15 wavelengths for the far field͒ from the transmission side of the sample surface to measure the pressure field distribution. Scanning was done along the x-y plane parallel to the brass plate surface, with a spatial resolution of 0.2ϫ 0.2 mm 2 . In Fig. 1 , we show the measured amplitude transmittances as a function of frequency for both the bull's eye structure and the reference sample. It can be seen that there is a transmission peak at 0.71 MHz for bull's eye structure, a͒ Author to whom correspondence should be addressed. Electronic mail: phwen@ust.hk.
FIG. 1.
͑Color online͒ Measured amplitude transmittances plotted as a function of frequency for both the bull's eye structure and the reference sample, together with calculated power transmittance for bull's eye by using COMSOL MULTIPHYSICS. The inset shows an image of the sample, fabricated by patterning both sides of a thin brass plate with concentric periodic grooves around a single cylindrical hole. The thickness of the brass plate is 1.6 mm, and the diameter of the central hole is 0.5 mm. The groove period is 2.0 mm, and the groove width and depth are 0.5 and 0.3 mm, respectively. while such peak is missing for the reference sample. In Fig.  1 , we also plot the power transmittance calculated by using COMSOL MULTIPHYSICS, 16 a finite-element solver used to simulate the pressure field distribution of acoustic waves passing through the bull's eye structure, both in the near field and in the far field. It can be seen from Fig. 1 that the predicted peak position agrees well with the experimental data ͑as well as the collimated nature of the transmitted beam, see below͒. However, the measured transmittance is much lower than that predicted; the precise reason for this disagreement is yet to be uncovered.
For ultrasonic waves in water, wavelength corresponding to 0.71 MHz is 2.1 mm, which is slightly larger than the groove period of bull's eye, i.e., 2.0 mm. This close correspondence is a strong clue indicating the enhanced transmittance to arise from the diffraction effect. It has been shown that enhanced acoustic wave transmission through hole arrays in perfectly rigid thin plate, where there can be no surface waves, may be related ͑via Babinet's principle͒ to "resonant" reflection by its complementary structure, i.e., planar arrays of perfectly rigid disks. 15 In fact, both were associated with the divergence in the scattering structure factor, owing to the coherent addition of the Bragg scattering amplitudes. As a result, a quasisurface mode with frequency close to the onset of the first diffraction order ͑wavelength slightly larger than the lattice constant a͒ always exists, 15 denoted "structure-factor-induced surface modes," or SF resonances. We expect the same mechanism to also apply to bull's eye structure, which may be viewed as having 1D periodicity along the radial direction.
To be more specific, consider the complementary structure to the bull's eye-a planar array of thin, concentric rings. It is well known that 2D functions with axial symmetry can be Fourier transformed by using the zeroth order Bessel function:
In Eq. ͑1͒, the k is understood to be in the plane, i.e., k ʈ . It follows that when a plane wave exp͓i͑ / c͒z͔ is incident on the concentric rings, the reflection from each ring is propor-
, with a factor g͑͒ to account for the relative phase difference between the rings. As a result, the total reflected wave from all the concentric rings can be written as ͐g͑͒J 0 ͑k ʈ ͒ ϫexp͑−i ͱ ͑ / c͒ 2 − k ʈ 2 z͒d. At the resonant wavelength, when all the rings reflect the incident plane wave coherently, the far-field reflection amplitude ͑not including the incident plane wave͒ should be at its maximum-i.e., the phase difference between two nearest-neighbor rings should be a multiple of 2, or k ʈ a = n2, a being the ring periodicity. Hence, we should have k ʈ =2 / a for the lowest frequency resonance. For reflection, ͑ / c͒ 2 should be slightly larger than k ʈ 2 = ͑2 / a͒ 2 in order to have a nonevanescent wave. It follows that the longest resonant wavelength should be slightly larger than the periodicity of the concentric rings.
It follows from Babinet's principle that bull's eye structure should have maximum transmission at the same wavelength, i.e., at a wavelength slightly larger than the period of grooves. In fact, the above analysis is supported by the pressure field distribution in our simulations. As shown clearly in Fig. 2 , on both sides of the thin brass plate, there is a troughcrest type of oscillations within one wavelength.
COMSOL MULTIPHYSICS was used to obtain quantitative predictions. Calculated near-field pressure amplitude distributions at 0.71 MHz are plotted in Figs. 2͑a͒, 2͑c͒ , and 2͑d͒. Several interesting points should be noted. First, it can be seen that the wave amplitude is very strong at both the incident and transmission sides of the central hole, reaching about 28 times the incident wave amplitude. Second, the pressure field on the transmission side of the brass plate is noted to be out of phase from that of the incident side. Third, along the propagation direction ͑z͒, there is a node in the middle of the central hole, part of a standing-wave-like field distribution which looks very like a Fabry-Pérot ͑FP͒ resonance along the z direction ͓see Fig. 2͑a͔͒ . In conjunction with the z variation of the central hole, the simulated nearfield amplitudes on both sides of the sample display peak to trough oscillations, with a separation that is very close to 1 mm far away from the central hole, but larger than 1 mm close to the central hole. This can be seen by careful examination of Figs. 2͑c͒ and 2͑d͒. This latter deviation ͑from 1 mm͒ can be understood as an effect of the FP resonance in the central hole. It is well known that the FP resonant condition can be expressed as t = n / 2, where t is the path length. By writing ͑ / c͒ 2 = k Ќ 2 + k ʈ 2 and specifying k Ќ = 1.96 mm −1 to satisfy the FP condition t = / k Ќ for the thickness t of the brass plate, we obtain k ʈ = ͱ ͑ / c͒ 2 − k Ќ 2 = 2.26 mm −1 , implying a peak-trough distance of ʈ / 2= / k ʈ = 1.39 mm. This is nearly what is obtained from simulation close to the central hole, displayed in Figs. 2͑a͒, 2͑c͒, and 2͑d͒. We also plot the experimental results for nearfield scanning data in Fig. 2͑b͒ . It is seen that the qualitative agreement between theory and experiment is very good.
The collimation effect is very striking. As shown in Fig.  3͑a͒ , the far-field acoustic wave on the transmission side is also in the form of a tight beam with a lateral dimension not exceeding the groove periodicity. The full width at half maximum divergence is Ϯ2°. As analyzed above, it is the coherent scattering which leads to the emergence of a strongly collimated beam in the far-field region. In Figs. 3͑b͒ and 3͑c͒, we also plot the scanned results at a distance of about 15 wavelengths from the transmission side of the surface, for both the bull's eye structure ͓Fig. 3͑b͔͒ and the reference sample ͓Fig. 3͑c͔͒. Compared to the reference sample, the collimation effect for bull's eye structure is very evident.
Due to the enhanced and collimated transmission effects, the bull's eye structure is expected to find applications as a component of integrated transducer in acoustic focusing devices and ultrasonic detection devices.
